The Io plasma torus apparently has a much longer lifetime than anticipated on the basis of simple theoretical stability analyses. This quandary is particularly evident at the outer edge of the torus, the plasma ramp, where the steep radial gradient in plasma content indicates the presence of some confining influence. Previous attempts to explain this feature have focused on the possibility that high-energy particles could impound the colder, Iogenic plasma, but these studies have proved inconclusive. We consider an alternative mechanism whereby the development of an unstable perturbation is interrupted by the observed shear in the rotational velocity. An example in simplified geometry demonstrates how the relative azimuthal displacement of radially adjacent perturbations might eliminate their coherency and impose a finite saturation amplitude. Fully nonlinear numerical simulations using the Rice convection model at Jupiter produce analogous results, suggesting that perturbations are suppressed where the shear is strong. The crucial parameter is the ratio of the classic, linear growth rate to a rate that characterizes the velocity shear. The electric fields produced by unstable perturbations farther out are effectively shielded from the shear region. We suggest that this effect helps impound the plasma torus and is at least partly responsible for producing the ramp.
Introduction and Background
The discovery of the Io plasma torus was one of the outstanding achievements of the Voyager mission. Continually renewed at a ton every second, its million tons of total mass dwarfs that in the terrestrial magnetosphere. Although encircling Jupiter at a distance comparable to the geocentric distance of our own Moon, the plasma completes a rotation every l0 hours, making rotational forces overwhelmingly stronger than gravity. However, although the torus was discovered almost two decades ago, the mechanisms responsible for its con- After the initial displacement, heavy plasma continues to fall outward and eventually forms extended fingers. Both are in the equatorial plane. characteristic interchange timescale for the torus that is independent of the size of the circulating structure (Figure 1, top) an asssumed characteristic eddy size to construct an eddy diffusion coefficient for a Fokker-Planck treatment of radial transport. This approach presumes that net outward transport arises from the mutual interference of numerous small-scale, continually reforming fluctuations. In the RCM-J results the character of the convection was quite unlike the stoch•tic picture envisioned. Instead, initially small perturbations grew unhindered to form long, extended fingers reaching from the torus region to the simulation domain's outer boundary (Figure 1, bottom) . These results agree with several other theoretical treatments of interchange in the Jovian magnetosphere [Pontius et al., 1986; Pontius, 1987; Southwood and Kivelson, 1989 ], which suggested a picture at odds with the assumptions underlying the radial diffusion formalism. A flux tube with higher r/ than its surroundings feels a net centrifugal buoyancy force that drives it outward. This outward motion takes a massive, high-r/flux tube through a medium in which the average plasma content declines, so the high-r/ flux tube finds itself increasingly massive compared to its neighbors. The centrifugal buoyancy force thereby increases and outward motion keeps getting faster, in sharp contrast to the diffusion picture, with its random distribution of waltzing eddies that move out, overturn, and dissociate. An initially unstable distribution quickly falls apart in the RCM-J simulations.
The timescale estimated for a small eddy to overturn thus also characterizes the expected lifetime of the entire unstable distribution. The persistence of the torus therefore implies that the convection patterns arising in the RCM-J are somehow suppressed. This problem was first discussed by in the context of the so-called plasma ramp at the outer edge of the torus. Between 7 and 8 Jovian radii (R•), the inward gradient in flux tube content is much larger than on either side. In the radial diffusion model with no local sinks, such a feature implies that interchange motions are inhibited, which requires a larger gradient to produce the same net outflow. They suggested that a pressure gradient in the hotter particles could provide an opposing, inward force to stabilize the system. While cold, dense plasma from Io predominantly responds to the outward centrifugal force, hotter plasma resists inward displacement because of the accompanying compression. Unfortunately, the hot particle distribution was not completely measured by Voyager because of instrumental limitations, and this hypothesis has not yet been decisively tested. Modeling efforts using the observed populations have been unable to reproduce the ramp structure in the colder particles [Summers and $iscoe, 1985; Summers et al., 1988] . Mauk et al. [1996] recently presented an extensive analysis of Voyager lowenergy charged particle data that significantly extends the known range of particle distributions, though it is still incomplete. Those authors explicitly conclude that hot particles cannot explain the plasma ramp.
Given the difficulties in accurately determining the fluid properties of the energetic particle population from limited spacecraft measurements, the question remains somewhat open whether hot particles can provide a force sufficient to suppress interchange motions and impound the torus. The present paper considers an alternative mechanism whereby the developing instability is interrupted by a shear in the background rotational velocity. Plasma is consistently observed to lag corotation by about 4% from just inside Io's orbit to about I Rj farther out, a region we will refer to as the velocity trough. Brown [1994] Rj. There appears to be little variation with magnetic longitude or orbital phase of Io, although a significant dawn-dusk asymmetry is present. The cause of this departure from corotation has long been understood to be plasma mass addition from ionizing Iogenic neutrals [Pontius and Hill, 1982] . Differential rotation exerts a torque that transfers angular momentum to the newly added plasma. Although mass loading remains the ultimate reason for slippage, Brown's observations and the concentration of mass loading near Io itself [Marconi and Smyth, 1996] pointed to Jupiter's atmosphere as the true location of most of the observed lag [Huang and Hill, 1989; Pontius, 1995] . Differential rotation between the torus and the high-altitude neutral atmosphere does exist, but it is negligible compared to that between heights within and below the ionosphere. The reaction time of the atmosphere is very long, so if mass loading in the torus ceased altogether, the observed lag would persist for many months as the atmosphere was slowly brought up to speed.
Regardless of the theoretical reasons for the velocity trough, its existence and persistence are firmly established from observations. The fact that the local angular frequency f2 in the torus is a function of L raises the following question: What is the effect of differential rotation in the background flow on the development of the interchange instability? Pontius [1997] found that differential rotation does not change the linear growth rate when the ionosphere is strong enough to dominate plasma dynamics, as occurs in the torus. However, the present studies reveal a secondary effect of the velocity shear that may eventually suppress the instability. As the problem is typically posed, the interchange rate calculated corresponds to an instantaneous convection pattern. However, rather than simply evolving under its own influence, that pattern will be sheared by differential motion in the background flow. Any radially extended perturbation is gradually tilted sideways, which changes the distribution of parallel currents incident on the ionosphere and hence the electric field determining convection. The direct association of density perturbation and radial motion is thereby interrupted.
In the present paper we will not consider the details of mass loading and atmospheric dynamics that determine the angular frequency but simply take 12(L) from Brown's observations. The following section presents a simplified analytic model as a heuristic explanation of how a velocity shear could suppress the interchange instability. We then describe the RCM-J and show simulation results that support the general findings of the theoretical model. The final section contains a summary and our conclusions.
Analytic Example
To demonstrate how a velocity shear might affect the growth of a small perturbation, we turn to a simplified example. The complications imposed by cylindrical geometry and radial variations are removed to facilitate analytic solution, but these are not essential to the novel features arising in the more complicated sim- where Ao -const is the initial amplitude. Excepting geometric factors, this result agrees with the more rigorous treatments cited above. Ordinarily, -is the linear growth rate for an infinitesimal perturbation, but in the special geometry adopted here, it describes the growth rate at all times.
Now let there be a constant velocity shear such that
Vo oc x •y and a line initially extended in the x direction 
where Ao is the amplitude at t -0 when 5V is aligned in x.
Within our simplified mathematical model, the solution obtained for uniformly sheared perturbations does not depend on any approximations and fully describes the system's evolution. At early times, a m tan a -•t, so the perturbation grows exponentially at the rate The convective flow determined by this electric field and other particle drifts is used to move the plasma, from which the new current pattern is determined.
For Jupiter, the model was adapted to include the currents arising from the centrifugal force. Because Iogenic plasma is relatively cold, it remains confined near the equatorial plane, and the electric field provides the only significant transport of particles across magnetic field lines. The Jovian magnetic field is represented by a spin-aligned dipole with equipotential field lines, so the condition 5E + 5v x B -0 imposes a one-to-one relation between field lines and ionospheric footprints. This reduces the problem to two dimensions on a surface intersecting all the field lines in the region of interest. While the computer code itself is written in ionospheric coordinates, results can be presented either there or by mapping to the equatorial plane. The smoothly varying physical plasma distribution is modeled as a discrete set of plateaus of constant r•, analogous to a terraced hill. In the absence of sources and losses, r• is conserved by the flow, so convection simply moves the boundaries between adjacent plateaus. The RCM-J tracks a collection of test particles, each on one of the boundaries. Connecting neighboring points on a given boundary gives a contour approximating the smooth physical curve. For the first set of trials (not shown) the Pedersen conductance was set at E = 1 mho, the value used in Paper 1. Equation (18) predicts -/ = 0.512j, so the minimum value of "//a•a is approximately 2. This suggests that a 0.1 ø initial perturbation should grow much larger than the shear region and not be greatly influenced by it. Indeed, the differences between simulations with and without a velocity shear were not dramatic. In both cases the system evolved similarly to the previous trials, with growth rates in agreement with the linear prediction (18). The initially small perturbations grew rapidly and formed long fingers, with heavier flux tubes quickly reaching the outer boundary. The fingers were slightly skewed near their bases in the velocity trough, but the overall instability was essentially unaffected. Because the velocity profile is constrained by observation, significant differences due to a velocity shear requires reducing the unsheared growth rate. Beyond the mechanism considered here, there are several reasons that the growth rate may be substantially slower. First, the ring-current will probably suppress interchange to some degree as proposed by $iscoe et al. [1981] . Although these hotter particles are not included in the present simulations, using a larger Pealersen conductance can provide a proxy for their influence. Second, the physical Pealersen conductance itself is not well known, and the nominal value E -1 mho is in the middle of the range 0.1 to 10 mho calculated from ionospheric models [Hill et al., 1981 ]. An indirect indication of the ratio of E to the mass transport rate is available from in situ observations of the average angular velocity in the plasma sheet [Hill, 1979] that the true conductivity must be at least 10 times larger than the effective value [Pontius, 1995] . This mechanism has further consequences for the energetic particle populations. Constraining interchange would allow hot particles more time to deplete via ionospheric precipitation during their gradual migration inward. Their radial gradient is thereby increased, which further slows the unsheared growth rate and strengthens the velocity shear impoundment. We have not discussed the velocity shear at the inner edge of the velocity trough because the plasma mass distribution there is interchange stable. However, even where the distribution is stable, forced interchange motions may be driven by ionospheric winds [Brice and McDonough, 1973] , and the velocity shear may also be important in suppressing that mode of transport. Once again, the energetic particle population can be expected to develop a more pronounced gradient as its inward transport is slowed. To summarize, we propose that the ramp begins where the background velocity shear can no longer suppress the development of the centrifugal interchange instability for perturbations of typical magnitude. We demonstrated the potential of this mechanism using a sinusoidal disturbance and found a fairly distinct boundary between stable and unstable regions. This boundary would undoubtedly be broader for a range of initial perturbation sizes, as the local value of cos determines the local limit on stability. Mechanisms that produce initial perturbations are beyond the scope of the present discussion and require considering the particulars of mass addition as well as the possibility of external forcing and occasional triggering.
